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(57) Abstract 

The invention relates to a hearing aid with beam forming properties, having at least two microphone channels (la, lb) for at least 
two microphones (2a, 2b), said microphone channels comprising each an analog to digital converter (3a, 3b) and having at least one 
programmable or program controlled signal processor (5), as well as a digital to analog converter, and at least one receiver and a battery 
for power supply. The invention particularly comprises in each microphone channel (la, lb) a sigma-delta-type analog to digital converter 
(3a, 3b) including a digital low pass filter and a decimator (4) for converting a 1 Bit Stream of a high clock frequency into a digital 
word sequence of a lower clock frequency. At least one of said at least two microphone channels contains a controllable delay device (6) 
connected to the input side of the respective digital low pass filter and decimator (4) of said channel, said delay device (6) being controllable 
by said at least one signal processor (5). Preferably the delay device (6) is integrated into said sigma-delta-ADC (3). 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


' Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cote d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 00/47015 PCT/EP99/00767 



Hearing aid with beam forming properties 

The invention relates to a hearing aid with beam forming properties 
in accordance with the preamble of claim 1. 

Beam forming using at least two or more spaced apart microphones 
has been known for many years. 

Background of the invention 

In the EP 0820210 A2 a method and apparatus for beam forming of 
the microphone characteristic has been disclosed, by which a pre- 
determined characteristic of amplification in dependency of the 
direction from which acoustical signals are received at two spaced 
apart microphones is formed in that repetitevely a mutual delay 
signal is determined from the output signals of the microphones 
and according to the reception delay of the microphones, one of 
the output signals is filtered, thereby the filtering transfer 
characteristic is controlled in dependency of the mutual delay signal. 
The output signal of the filtering is exploited as electrical reception 
signal. 

Thus, in principle the time delay or phase lag between the two output 
signals of the two microphones is used for a beam forming operation. 

In a digital hearing aid the single samples are taken with a time 
difference equally divided by the sampling frequency, f.i. normally 
32 yu sec. The desired delay between two or more microphone signals 
are typically less than 32 jj sec, e.g. 15 ^u sec. A way to obtain a 
delay which is less than one sample is to have the DSP interpolate 
signal values between two samples with a certain delay and use those de- 
layed sample values in the further processing. But this requires many 
calculations and takes up valuable space and power in the- DSP. 
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Also, the signal will be somewhat distorted as the delyed samples 
are not "true" samples. 

However, for an active control of beam forming properties in a direc- 
tional hearing aid, the delays that could be realized, based on the 
sample frequency and conventional shift register technology would be 
much too long to be useful. 

in order to realize sample delays as low as 1 u sec the conventional 
technology can not be used. 

Thus, it is an object of the present invention to create a novel 
hearing aid with beam forming properties in which an active control 
of the delay of at least one of the incoming signals of a hearing aid 
having at least two microphones can be used for active beam forming. 
With such a hearing aid a great number of various directional orien- 
tations of hearing aids could actively and controllably be realized. 

Particularly, by using faster sampling rates, the samples because of 
their shorter time intervals could be used directly, so that desirable 
short delays could be realized. 

By using a sigma-delta converter with a sampling rate or clock frequency 
of f.i. 1 MHz and by inserting a 1 bit adjustable and controllable 
digital delay line in the bit stream from one of the sigma-delta con- 
verters 1o the corresponding decimator filter of the converter one 
could obtain delayed difference steps of multiples of 1 u sec, which 
could not be achieved with conventional hearing aid technology. 

Summary of the invention 

For this purpose a new hearing aid with beam forming properties has 
been developed, which has at least two microphone channels for at 
least two microphones, said microphone channels containing each an 
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analog to digital converter, and having at least one programmable or 
programmed digital signal processor, as well as a digital to anlalog 
converter, at least one receiver and a battery for power supply. 

This new hearing aid, in accordance with the present invention, con- 
tains in each of said microphone channels a sigma-delta-type analog 
to digital converter including a digital low pass filter and decimator 
filter for converting a 1 bit stream of a high clock frequency into 
a digital word sequence of a lower clock frequency, whereby at least 
one of said at least two microphone channels contains a controllable 
delay device connected to the input side of the respective digital low 
pass filter and decimator filter of said channel, said delay device 
being controllable by said at least one digital signal processor. 

It is advantagous to have said delay device integrated into the sigma- 
delta ADC. 

It is of particular importance to use, as a delay device, a programma- 
ble or program controlled tapped shift register for realizing various 
different delays of the bit stream signals before their entering the 
respective digital low pass filter and decimator. In order to realize 
controllable delays as short as 1 yu sec it is of advantage to use a 
clock frequency for the sigma delta ADC in the range of 1 MHz or 
even higher and a clock frequency in the area of 10 to 50 kHz for 
the digital low pass filter and decimator filter. 

It is now obvious that with such a configuration of the input side 
of a beam forming hearing aid with active beam control various 
additional possibilities exist which are subject of the remaining claims. 
Particularly, by this new hearing aid a very high resolution delay 
may be achieved. 
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Brief description of the drawings 

The invention will now be described in more detail in conjunction 
with several embodiments and the accompanying drawings: 

In the drawings 

Fig. 1 shows schematically a number of polar diagrams 

of variations of beam directions which could be 
realized by the present invention; 

Fig. 2 shows schematically the general structure of a 

sigma-delta analog to digital converter (ADC); 

Fig. 3 shows schematically a first embodiment of the 

invention; 



Figs. 4, 5, 6 and 7 

schow schematically further embodiments of the 

invention. 

Fig. 1 illustrates four different directional patterns in polar diagrams. 

Fig. 1a represents the hypercardioid system which has a very 
desirable directional effect. 1b is the bidirectional System which 
has no delay for any of the two microphones and therefore attenuates 
all sounds coming directly from the sides (90 degrees and 270 degrees) 
as the two microphones level out each other. 1c is the cardioid which 
must have a delay in the front microphone equal to the longitudinal 
delay between the inlet ports of the two microphones. Finally, Id is 
the omnidirectional or spherical system, which is simply a single 
microphone (the other microphone is switched off), or the two micro- 
phone signals are added and not subtracted from each other. 
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However, by controlling the various delay devices, other directional 
patterns could be realized. This will be more evident from the following 
description of the Figs. 2 to 7. 

Detailed description of preferred embodiments of 
the invention 

As has been explained above, for realizing hearing aids in accordance 
with the present invention, normal analog to digital converters opera- 
ting with clock frequencies of 16 or 32 kHz could not be used for rea- 
lizing delays in the range of 1 yusec or multiples thereof. 

Fig. 2 shows a well known type of a first order sigma-delta digital 
to analog converter comprising basically a summing circuit, an inte- 
grator, a comparator stage (1 bit ADC) and a digital low pass filter 4 
and a decimator filter. The comparator stage is controlled by a high 
frequency clock generator supplying clock pulses in the aerea of 1MHz 
or higher. The output of the integrator is connected also to a 1 bit 
DAC, the output of which is connected to a second input of the sum- 
ming circuit. The digital low pass filter and decimator filter operates 
at a clock frequency of f.i. 32 kHz and converts the 1 bit stream of 
a clock frequency of about 1 MHz into a sequence of data words at 
the lower frequency, f.i. 16 or 32 kHz. These data words could e.g. 
be 20 bit wide. These data words are then, normally, applied to a 
programmable or program controlled digital signal processor. 

c . ... , 

It is to be understood that all embodiments of the invention will make 

use of such sigma-delta-type ADC's, provided a high clock frequency 

in the aerea of 1 MHz or higher is used for controlling the comparator. 

Fig. 3 shows, schematically, a first example of the inventive concep- 
tual design. 

Two microphone channels 1a and 1b comprise microphones 2a and 2b 
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and sigma-delta analog to digital . converters 3a, 3b including digital low 
pass filters and decimator filters 4a and 4b for supplying data words 
to a programmable or program controlled digital signal processor 5. 

In one of the microphone channels a controllable delay device 6 is in- 
cluded. This delay device is typically a multiple tap shift register and 
the control signal coming from the DSP 5 will decide how many 1 bit 
stages each sample of the bit stream will go through (and thus be 
delayed by) before they are tapped and sent furtheron in the system, 
in this case to the digital low pass filter and decimator 4. The resulting 
delay is equal to the number of stages times the inverse sampling rate, 
f.i. 1 MHz. 

With this high resolution of the sigma-delta ADC the time resolution can 
be 30 - 40 times higher than would be possible inside the DSP using 
its clock as a basis for delays. Normally, this setup can only handle 
beam forming from the front or from the back but not both. The con- 
trollable delay would be controlled by the DSP so that the DSP direct 
the beam in the desired directions. 

Fig. 4 shows a further embodiment of the invention. All parts and com- 
ponents which are the same as in Fig. 3 are designated with the same 
reference numerals and need not to be described again. This holds true 
for all other Figs, as well so that only the differences will be explained 
in detail. 

In Fig. 4 both microphone channels la and 1b contain each a controllable 
delay device 6a, 6b. They can, of course, be controlled independently 
and separately. Although two delay devices are included, only one of the 
two may be controlled whereas the other is switched off. 

The output signals of the digital low pass filter and decimator filters 
4a and 4b are combined in a summing circuit 7 and passed on to the 
DSP. Thus, by having controllable delaya in both sigma-delta converters 
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it will be possible to reverse the beam forming operation and use it 
both at front and back. 

In Fig. 5, which in almost all respects is similar to Fig. the 
output signal of the lower one of the two microphone channels 1b 
is now connected to a first input of a multiplier .stage 8, the second 
input of which receives a controlling input from the DSP. 

The output of the multiplier stage 8 is applied to the second input 
of the summing circuit 7, which feeds into the DSP. 

It may be desirable to make a shift from e.g. the hypercardiodid to 
the omnidirectional characteristic. For this purpose the multiplier 8 
is added after the digital low pass filter and decimator filter for one 
microphone or for both. The DSP then can multiply the samples with 
factors between -1 and +1 . 

Fig. 6 shows the extension from two microphone channels to multiple 
microphone channels. Again, controllable delay devices may be arran- 
ged in one channel, in two channels or in all channels. The output 
signals of all channels are combined in a combination circuit 9, the 
output signals of which are applied to the DSP. This combination 
could be effected with different factors between -1 to +1 , if convenient. 

Fig. 7 finally, shows another variation of the inventive circuit in which 
at least one of the microphone channels has not only one delay device 
and one digital low pass filter and decimator filter but two of those in 
parallel. It is also conceivable to have these parallel arrangements in 
one or more channels, even in all of them. 

It is also possible to use more than two delay devices in parallel in 
at least one of said microphone channels, all connected to their respec- 
tive digital low pass filter and decimator filter of said at least one of 
said channels. 
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PATENTCLAIMS 

1. Hearing aid with beam forming properties, having at least 

two mocrophone channels (1a, 1b) for at least two microphones 
(2a, 2b/, said microphone channels comprising each an 
analog to digital converter (3a, 3b) and having at least 
one programmable or program controlled signal processor 
(6), as well as a digital to analog converter, and at least 
one receiver and a battery for power supply, characterized 
in that each microphone channel (1a, 1b) contains a sigma- 
delta-type analog to digital converter (3a, 3b) including a 
digital low pass filter and decimator (4) for converting a 
1 Bit stream of a high clock frequency into a digital word 
sequence of a lower clock frequency, and that at least one 
of said at least two microphone channels contains a control- 
lable delay device ( 6) connected to the input side of the 
respective digital low pass filter and decimator (4) of said 
channel, said delay device (6) being controllable by said 
at least one signal processor (5). 

2. Hearing aid in accordance with claim 1, characterized in 
that the delay device (6) is integrated into said sigma-delta- 
ADC (3). 

3. Hearing aid in accordance with claim 1 or 2, characterized 
in that a first order sigma-delta converter is used in said 
at least two microphone channels, 

4. Hearing aid in accordance with claims 1 or 2, characterized 
in that a second order or even higher order sigma-delta- 
converter is used in said at least two microphone channels. 

5. Hearing aid in accordance with claims 1 to 3, characterized 
in that the clock frequency for the sigma -delta-ADC (3) 
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is in the range of 1 MHz or higher and that said lower frequency 
for the digital word sequence is in the range of 10 to 50 kHz. 

6. Hearing aid in accordance with claim 1 characterized in that 
said at least one delay device comprises a programmable or 
program controlled tapped shift register for realizing various 
different delays of said bit stream signals before their entering 
said digital low pass filter and decimator. 

7. Hearing aid in accordance with claims 1 to 6, characterized in 
that the output signals of said at least two microphone channels 
may be combined directly in the DSP including further processing 
or filtering of said output signals. 

8. Hearing aid in accordance with claims 1 to 6, characterized in 
that the output signals of said at least two microphone channels 
are combined in a summing circuit (7) for controlling said digital 
signal processor. 

9. Hearing aid in accordance with claim 1, characterized in that 

in each sigma-delta converter (3a, 3b) of said at least two micro- 
phone channels (1a, 1b) a controllable delay device (6a, 6b) is 
included. 

10. Hearing aid in accordance with claims 1 to 9, characterized in that 
one of said at least two microphone channels is directly connected 
to the summing circuit (7), whereas the other of said two micro- 
phone channels is connected to a first input of a multiplier stage 
(8), the output of which is coupled to said summing circuit (7), 
whereas a second input of said multiplier stage (8) is controlled 
by the digital signal processor (5). 

11. Hearing aid in accordance with claim 1, characterized by multiple 
microphone channels, most of them or all of them being equipped 
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with sigma-delta analog to digital converters (3) including at 
least in some of them said controllable delay devices, the outputs 
of which are combined in a combination circuit, such as an 
integrator circuit or combination circuit (9) connected to the 
input side of said at least one digital signal processor (5). 

12. Hearing aid in accordance with claim 1, characterized in that 
at least one of the said at least two microphone channels is 
equipped with a sigma-delta analog to digital converter including 
at least two delay devices in parallel operating on two digital 
low pass filters and decimators, the output signals of all said 
digital low pass filters and decimators are being combined in 

an combination circuit connected to the input side of said at 
least one digital signal processor, or are directly connected 
to the said signal processor as individual or separate signals. 

13. Hearing aid in accordance with claim 1. characterized by a 
remote control unit for controlling the said digital signal 
processor for effecting various beam forming directional orien- 
tations of said at least two microphones by influencing one 

or more of said delay devices for introducing various different 
delays. 




CLK 
i 



{ 



Fig. 2 



WO 00/47015 



PCT/EP99/00767 



2/6 




WO 00/47015 



3/6 



PCT/EP99/00767 




WO 00/47015 



4/6 



PCT/EP99/00767 




WO 00/47015 PCT/EP99/00767 

5/6 




WO 00/47015 PCT/EP99/00767 

6/6 




INTERNATIONAL SEARCH REPORT 


Into- Mortal Application No 

PCl/EP 99/00767 


A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 H04R25/Q0 




According to International Patent Classification (IPC) or to both national classification and IPC 




8. FIELDS SEARCHED 


Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H04R H03M H03H 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • 


Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


Y 


WO 98 47227 A (LAMAR SIGNAL PROCESSING) 


1,3,5-8, 




22 October 1998 (1998-10-22) 


11,12 


A 


page 1, line 10-21 


2,9,10 




page 2, line 6-14 






page 7, line 34 -page 13, line 9 




Y 


DE 44 41 996 A (T0EPH0LM & WESTERMANN) 


1,3,5-8, 




30 May 1996 (1996-05-30) 


11,12 


A 


column 2, line 29 -column 4, line 44 


2,9 


A 


WO 96 16482 A (ANALOG DEVICES) 


1-3,5, 




30 May 1996 (1996-05-30) 


11,12 




page 1, line 14-25 






page 2, line 26-33 






page 3, line 6 -page 4, line 8 






page 4, line 25 -page 8, line 2 






-/-- 





m 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



* Special categories of cited documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document but published on or after the international 
filing date 

V document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y" document of particular relevance; the claimed invention 
cannot be considered to Involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 

1 October 1999 


Date of mailing of the international search report 

12/10/1999 


Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL-2280 HV Rijswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 


Authorized officer j 

Zanti, P 



Form PCT/1SA/210 (second sheel) (July 1092) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 


Inte* lonal Application No 

PCI /EP 99/00767 


C.(Contlnuotlon) DOCUMENTS CONSIDERED TO BE RELEVANT 


Category ° 


Citation of document, with indication, where appropriate, of the relevant passagee 


Relevant to claim No. 


A 


US 5 305 004 A (FATTARUSO) 
19 April 1994 (1994-04-19) 
abstract 
figure 1 




1,4 


A 


DE 36 42 828 A (T0EPH0LM & WESTERMANN) 
13 August 1987 (1987-08-13) 
figure 1 

column 3, line 52-68 

column 6, line 42 -column 7, line 3 




1,13 



Form PCT/ISA/21 0 (continuation of second shoot) (July 1092) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

.nf oimatlon on patent family members 


Inter 'onal Application No 

PC1/EP 99/00767 


Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 



WO 9847227 


A 


22-10- 


1998 


AU 


6933098 A 




11-11-1998 


DE 4441996 


A 


30-05- 


•1996 


AT 


166199 T 


15-05-1998 










AU 


691001 B 


07-05-1998 










AU 


2671495 A 


19-06-1996 










CA 


2204757 A 


06-06-1996 










DE 


59502189 D 


18-06-1998 










WO 


9617493 A 


06-06-1996 










EP 


0793897 A 


10-09-1997 










JP 


10504155 T 


14-04-1998 










US 


5878146 A 


02-03-1999 




WO 9616482 


A 


30-05- 


1996 


US 


5619202 A 


08-04-1997 










DE 


69510083 D 


08-07-1999 










EP 


0793876 A 


10-09-1997 










US 


5625358 A 


29-04-1997 










US 


5625359 A 


29-04-1997 










US 


5528240 A 


18-06-1996 










US 


5574454 A 


12-11-1996 










US 


5552785 A 


03-09-1996 



US 5305004 



19-04-1994 



JP 6244734 A 



02-09-1994 



DE 3642828 A 



13-08-1987 



CH 
DK 
IT 
JP 
JP 
JP 
US 



672215 
41087 



1202432 B 
1914001 C 
6040680 B 
62248400 A 
4947432 A 



31-10- 
04-08- 
09-02- 
23-03- 
25-05- 
29-10- 
07-08- 



1989 
1987 
1989 
1995 
1994 
1987 
1990 



Foim PCT/ISA/21 0 (patent (amlly annex) (July 1992) 



